Abstract-Because of their penetrating power, energetic neutrons and gamma rays (>~1 MeV) offer the best possibility of detecting highly shielded or distant special nuclear material (SNM). Of these, fast neutrons offer the greatest advantage due to their very low and well understood natural background. We are investigating a wholly new approach to fast-neutron imaging-an active coded-aperture system that uses a coded mask composed of neutron detectors. The only previously demonstrated method for long-range fast neutron imaging is double-scatter imaging. Active coded-aperture neutron imaging should offer a highly efficient alternative for improved detection speed, range, and sensitivity. We will describe our detector including design considerations and present initial results from a lab prototype.
I. INTRODUCTION
E are investigating a new approach to fast-neutron detection-a Coded Aperture Neutron Imaging System (CANIS) that uses an "active" coded mask composed of neutron detectors. Coded-aperture imaging works by much the same principles as a pinhole camera only the mask plane can be up to 50% open. Neutrons originating from different locations can be efficiently detected at an image plane as the superposition of mask patterns.
This approach has been used successfully in x-ray and gamma-ray astronomy, and thermal neutron sources have been imaged at short range with passive coded-aperture neutron imaging systems [1] . However, only fast neutrons are likely to travel long distances without scattering, and the penetrating nature of fast neutrons limits the ability of passive coded apertures to modulate them effectively. Thus, the only previously demonstrated method for long-range neutron imaging is double-scatter imaging [2] . Active coded-aperture neutron imaging should be more efficient for improved detection speed, range, and sensitivity. This efficiency advantage is primarily achieved by requiring the detection of only a single scatter in the image plane. By this method, the overall efficiency can be as high as 50% of the image plane detection efficiency which can be made quite high with a sufficiently thick detector. All other authors are also with Sandia National Laboratories.
interaction in the mask plane, the effective opacity can be made as high as the single scatter detection efficiency of the mask detectors. In addition, these same double scatter events may be simultaneously used for double-scatter imaging. By simultaneously imaging using both coincident and anticoincident detection events, this new, dual design allows for high-efficiency imaging of sources of energetic neutrons and should lead to an instrument capable of locating SNM at greater distances than any existing instrument or technique. 
II. DETECTOR
We have chosen a basic design that consists of a reconfigurable array of identical detectors. This allows us the flexibility to explore many coding configurations and mask thicknesses using the same basic detector building blocks. The mask (Fig. 1 front) and image plane ( Fig. 1 rear) are both composed of 1-D arrays of long 20"x2.5"x2.5", EJ309 liquidscintillator filled aluminum cells with a fast photomultiplier tube (PMT) at each end.
A separate pulse shape discrimination (PSD) TAC output, shaped pulse height amplitude, and discriminated output are provided for each PMT channel by MPD-8 analog PSD modules [3] . PSD TAC and pulse height outputs are digitized by CAEN V785 peak sensing ADCs [4] . The discriminated outputs are brought to a CAEN V1495 FPGA module where trigger logic is formed [5] . Gates to all modules are output from the V1495 and the discriminated outputs are fed through to a CAEN V775 time to digital converter (TDC) [6] . The FPGA module is also responsible for enforcing module conversion dead-times, synchronizing module data readout and providing scalars and timers for use in rate measurements. PSD allows us to distinguish between neutron and gammaray interactions, and the interaction locations within a cell are determined from the ratio of pulse height amplitudes and relative timing of the two PMTs for each detector element. Details of the analysis, calibration, and Monte Carlo modeling of these detector cells are outlined in ref [7] . This design can perform 2-D imaging for double-scatter events (one front and one rear) and, at a minimum, 1-D coded-aperture imaging for events with a single scatter in the image plane.
III. SINGLE APERTURE EXPERIMENTS
Before moving to the full coded aperture design shown in Fig. 1 , we began with a series of demonstrations using the simplest aperture, a single slit. In the first configuration we used 10 of the detector cells to form a mask plane of single thickness (2.5"), 5 on either side of a 2.5" aperture as can be seen in Fig. 2 .
Instead of building the full image plane, an automated stage was used to scan the image plane at a separation distance of 20" with two of the bar type detector cells plus a single 2" diameter, 2" thick EJ301 filled "reference" cell coupled to a fast PMT. Because of its small size and large relative photocathode coverage, the reference cell outperforms the bar type cells in terms of PSD and lower energy threshold and represents a best case scenario. An AmBe neutron source was moved to three positions at a distance of 60" in front of the mask plane. Figure 3 shows the neutron rates detected in the reference cell after active vetoing in the mask plane. It can clearly be seen that the shadow pattern accurately tracks the source location and ~10 degree angular resolution is achieved as expected considering the geometries used. After subtracting the background neutron rates, the ratio of peak to baseline rates is ~0.66. We next explored the effect of doubling the thickness of the mask plane by forming a second single slit configuration with two rows of detector cells in the mask plane. Twelve of the detector cells form a mask plane of double thickness (5"), 6 on either side of a double cell width aperture (5") as can be seen in Fig. 4 . The image plane was scanned at a separation distance of 40" to maintain the same angular resolution. Again an AmBe neutron source was placed 60" directly in front of the mask plane. The resulting neutron rates measured in the reference cell after applying the active veto and background subtraction are shown in Fig. 5 . Also shown in Fig. 5 and Fig. 6 are the predictions from a GEANT4 Monte Carlo simulation of the detector response the details of which are provided in ref [7] . It can be seen that the data fit very well with the expected distributions.
We then compare the ratio of neutron rates using active vetoing on the mask plane to without, or passive equivalent. The results shown in Fig. 6 indicate that fractional improvement in mask opacity is as high as 0.3 in regions directly behind mask elements. Finally, we apply a template matching algorithm to the data in Fig. 5 to explore the ability to image with this configuration. The mask is used as a template on the data set such that portions of the measured distribution that align with the aperture are summed and those that align with mask elements are subtracted as a function of assumed source position. The result is normalized such that we obtain an expected excess neutron count rate if a point source were at each assumed location. It can be seen in Fig. 7 that assumed source positions greater than ~20 cm. (~7 degrees) from the true source position are actually anti-correlated.
The template matching method was used because it is easy to implement and performs reasonably well for point source searches. However, a maximum likelihood method may be better suited and should provide better results. Efforts to implement maximum likelihood image reconstruction algorithms are currently underway.
IV. MASK OPACITY STUDY
In order to study the effect of mask thickness on its effective opacity we have extended the Monte Carlo simulation to other mask thicknesses. The double thick single aperture geometry described in the previous section was scaled in all dimensions such that the mask thickness was 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 times the actual thickness. The resulting effective opacity is defined as 1 minus the ratio of the rates found in the mask shadow and the aperture regions of the image plane. We then compare this measure using active vetoing in the mask to without (passive). The data from the double thick demonstration are also shown in Fig. 8 . It can be seen that relatively high effective opacities are reached at relatively small thicknesses. This can primarily be attributed to the geometry used in this study. The mask was relatively small in extent. If a much larger mask plane were used we would expect more scattering into the image plane out of the mask which would decrease its passive effective opacity. However, the active results should remain accurate.
One conclusion that may be drawn from Fig. 8 is that not much improvement in opacity can be expected beyond ~25 cm. (10 inches). However, if further opacity at large thicknesses are required, greater improvement can be had by making the mask active rather than to simply increase its thickness.
V. CONCLUSIONS
A prototype coded aperture neutron imaging system has been modeled, assembled, and calibrated. Initial performance in single aperture demonstrations is very encouraging. Reasonable mask opacities have been achieved using both passive and active masks. For the first time we have demonstrated that fast neutrons can be imaged using coded aperture imaging. Realistic Monte Carlo models have been developed that will help guide us to future designs.
